Background
The echocardiographic focus to detect abnormalities in genetically hypertrophic cardiomyopathy (HCM) affected subjects without left ventricular (LV) hypertrophy (Gþ/LVHÀ) has been on diastolic abnormalities in transmitral flow and longitudinal myocardial function with tissue Doppler imaging. The aim of this study was to assess diastolic LV unstrain and untwist. 
Methods and results
Forty-one consecutive genotyped family members of HCM patients (mean age 37 6 11 years, 16 men) and 41 ageand gender-matched healthy volunteers underwent speckle-tracking echocardiography to measure untwist and unstrain. No significant differences between Gþ/LVHÀ and control subjects were seen in maximal systolic twist and global longitudinal strain. In diastole, the early peak untwist rate was significantly lower in Gþ/LVHÀ subjects compared with control subjects (62 6 19 s À 1 vs. 76 6 30 s
, P <0.05), whereas the late peak untwist rate tended to be higher. Untwist from maximal twist until the first 20% of diastole was delayed in Gþ/LVHÀ subjects (39.3 6 12.9% vs. 51.3 6 15.6%, P <0.005). Late diastolic unstrain rate was significantly higher in Gþ/LVHÀ subjects in the inferoseptal wall (111 6 33 s À 1 vs. 94 6 32 s À 1 , P ¼ 0.024), the inferolateral wall (105 6 42 vs. 75 6 35 s
Introduction
Hypertrophic cardiomyopathy (HCM) is a disease with an autosomal dominant pattern of inheritance caused by mutations in genes that encode different proteins of the cardiac sarcomere. 1 In this era of intensive genetic counselling increasing numbers of genetically HCM affected subjects without LV hypertrophy (Gþ/ LVHÀ) are identified that may (adult-onset LV hypertrophy) or may not develop LVH later in life. Identification of Gþ/LVHÀ at risk for developing LVH later in life is clinically relevant. 2 In addition, in a large proportion of HCM patients no sarcomeric mutations are identified, 3 of HCM patients has been on diastolic abnormalities in transmitral flow and longitudinal myocardial function with tissue Doppler imaging. [5] [6] [7] [8] [9] [10] Speckle-tracking echocardiography is a relatively new modality for left LV strain and twist analysis that offers the advantage of measuring diastolic indices directly from the LV myocardium in an angle independent way. 11 Clockwise basal rotation and counterclockwise apical rotation originating from the dynamic interaction of oppositely oriented epicardial and endocardial myocardial fibres lead to a twisting LV deformation. 12 Besides the contribution of LV twist to LV ejection during systole, the potential energy stored in the twisted LV is rapidly released in early diastole, leading to swift recoil of the LV during isovolumic relaxation. This diastolic LV untwist of the myocardial fibres generates expansion of the apex and the intraventricular pressure gradient that helps to fill the LV at a low pressure. 13 In some reports, LV systolic strain 4, 14 or twist 15, 16 was studied in Gþ/ LVHÀ subjects but diastolic LV unstrain and untwist where not studied before. Therefore, this study sought to assess diastolic LV unstrain and untwist in Gþ/LVHÀ subjects and normal subjects.
Methods

Study participants
The study population consisted of 41 consecutive genotyped family members without major or minor criteria for the diagnosis of hypertrophic cardiomyopathy (mean age 37 6 11 years, 16 men) and 41 age-and gender-matched healthy, non-obese volunteers (age 36 6 11 years, 23 men) who prospectively underwent speckle-tracking echocardiography. The majority of the genotyped subjects carried one of the Dutch founder mutations in cardiac myosin-binding protein C (MYBPC3); c.2373dupG, c.2864_2865delCT, and p. Arg943X (17 of 41 subjects), two subjects carried a different MYBPC3 mutation, two subjects carried a mutation in the gene responsible for the b-myosin heavy chain (MYH7), one in the myosin regulatory light chain 2 and one in the a tropomyosin 1 gene. Control subjects were recruited from our department (personnel) or were family members or friends from the authors and all had normal left atrial and LV dimensions and normal systolic and diastolic LV function by transthoracic echocardiography. None of the included subjects used cardiovascular medications, and all had a normal 12-lead electrocardiogram.
Informed consent was obtained in all subjects and the institutional review board approved the study.
Echocardiography
Two-dimensional gray scale harmonic images were obtained in the left lateral decubitus position using a commercially available ultrasound system (iE33, Philips, Best, The Netherlands), equipped with a broadband (1-5 MHz) S5-1 transducer. All echocardiographic measurements were averaged from three heartbeats. From the 2D recordings, the following data were acquired: left atrial diameter and volume, LV end-diastolic and end-systolic dimensions and end-diastolic LV segment thickness. LV mass was assessed according to the formula recommended by the American Society of Echocardiography:
. 17 Relative wall thickness (RWT) was defined by the ratio of the end-diastolic interventricular septal thickness plus posterior wall thickness divided by the LV end-diastolic diameter. 18, 19 LV ejection fraction was calculated from LV volumes by the modified biplane Simpson rule in accordance with the guidelines. 20 From the mitral-inflow pattern, peak early (E) and active (A) filling velocities, and the E/A ratio were measured. In each study, it was verified that the heart rate for the cardiac cycles in which the timing of the different intervals was assessed, was the same as the cardiac cycle used for analysis of LV rotation parameters.
Speckle-tracking analysis
Speckle-tracking analysis is an imaging modality that is able to quantify wall motion by tracking unique speckle patterns generated by the reflected ultrasound in the myocardium on a frame-by-frame basis. Geometric shift of these speckles represent tissue motion. By analysing these geometric shifts, motion deformation parameters like ventricular rotation or longitudinal strain can be calculated. Speckle-tracking analysis started with acquiring two-dimensional grayscale harmonic images of the echocardiographic walls that incorporated the LV septal wall (4-chamber and 3-chamber views) together with short axis views on basal and apical level at a frame rate of 70-90 frames per second, according to the ASE/EAE consensus statement on methodology in evaluation of cardiac mechanics. 21 Datasets were transferred to a QLAB workstation for speckle tracking echocardiography analysis using QLAB Advanced Quantification Software version 8.0 (Philips, Best, The Netherlands), which was recently validated against magnetic resonance imaging.
11,22
To assess LV, twist and untwist (rate) basal short axis en apex short axis images were analysed using speckle-tracking analysis. The software fully automatically draws the epicardial and endocardial contour of the myocardium. Rotation on basal an apical level was calculated as the change in angle between the LV wall and the virtual LV centre (Figure 1) . To assess longitudinal strain LV fractional shortening was also analysed by speckle tracking echocardiography in the 4-chamber and 3-chamber views. The results of rotational and longitudinal speckle-tracking analysis by QLAB were exported to a spreadsheet program (Excel, Microsoft Corporation, Redmond, WA). Twist was calculated as the result of rotation on base and apex level. Twist rate (s 
Statistical analysis
Measurements are presented as mean 6 SD. Continuous variables were compared using Student's t test. A P value <0.05 was considered statistically significant. Intra-observer and inter-observer variability for LV rotation parameters in our centre varies from 2 6 3% to 10 6 9%, and 4 6 4% to 12 6 8%, respectively. 23 Pearson's correlations were performed between conventional Doppler parameters of diastolic function and untwist/ unstrain parameters in Gþ/LVHÀ subjects. Statistics were performed using analytic software (SPSS 22, IBM Corporation, New York).
Results
Clinical characteristics
As seen in Table 1 , there were no differences in clinical characteristics between Gþ/LVHÀ and control subjects.
Standard echocardiographic imaging
There were no significant differences in standard echocardiographic measurements between Gþ/LVHÀ and control subjects ( Speckle-tracking echocardiography: LV twist and untwist
As seen in Table 2 , there were no significant differences between Gþ/LVHÀ and control subjects in maximal systolic twist (8. , P ¼ 0.17). The ratio of early-to-late peak untwist rate was lower in Gþ/LVHÀ subjects compared with control subjects (1.8 6 0.8 vs. 2.3 6 1.2, P <0.05). Untwist from maximal twist until the first 20% of diastole was delayed in Gþ/LVHÀ subjects compared with control subjects (39.3 6 12.9% vs. 51.3 6 15.6%, P <0.005). There was no correlation between the early peak untwist rate and conventional Doppler parameters of diastolic function ( Table 3) .
Speckle-tracking echocardiography: longitudinal strain
As seen in Table 4 , there were no significant differences in maximal longitudinal strain and strain rate between Gþ/LVHÀ and control subjects in the four studied LV walls. Early diastolic unstrain rate was in all four studied LV walls consistently lower in Gþ/LVHÀ subjects compared with control subjects but did not reach statistical significance. However, late diastolic unstrain rate was significantly higher in Gþ/LVHÀ subjects compared with control subjects in the inferoseptal wall ( , P ¼ 0.010). The ratio between early and late diastolic unstrain rate was also significantly lower in Gþ/LVHÀ subjects compared with control subjects in the same three aforementioned walls, the inferoseptal wall Table 3) .
Discussion
The major findings of this study are that in Gþ/LVHÀ subjects: (i) the early diastolic peak untwist rate and the ratio of early-to-late diastolic peak untwist rate were lower, (ii) untwist from maximal twist until the first 20% of diastole was delayed, (iii) late diastolic unstrain rate and the ratio between early and late diastolic unstrain rate was significantly higher in all studied LV walls apart from the anterolateral wall, and (iv) unstrain from maximal twist until the first 20% of diastole was delayed in these LV walls.
LV twist and untwisting in HCM mutation carriers
In systole, the LV apex rotates counterclockwise (as viewed from the apex), whereas the base rotates clockwise, creating a twisting deformation, originating from the dynamic interaction of oppositely oriented epicardial and endocardial myocardial fibres. 24, 25 The direction of LV twist is dominated by the epicardial fibres, mainly because of their longer arm of movement. 26 Untwisting starts just slightly before the end of systole (marked by aortic valve closure), after the peak of LV twist. The twisting deformation of the LV during systole results not only in ejection but also in the storage of potential energy. During the isovolumic relaxation period, the twisted fibres behave like a compressed coil that springs open while abruptly releasing potential energy. This process may be actively supported by still depolarized subendocardial fibres that are, in contrast to the systolic period, now not opposed by active contraction of the subepicardial fibres. Untwist generates expansion of the apex and the intraventricular pressure gradient that helps to fill the LV at low pressure. 13 In a previous study, it was claimed that HCM mutation carriers (without increased LV mass) show increased LV twist. 16 Increased twist in HCM patients is generally regarded as the result of impaired contraction of subendocardial myofibres due to ischemic hypoperfusion or relative hypoperfusion of a thickened myocardial wall. 27 In our study we could not confirm these findings which seem not surprising because as far as is known there is no (relative) hypoperfusion of the endocardium in Gþ/LVHÀ mutation carriers. Minor endocardial dysfunction due to local myocardial disarray in mutation carriers cannot be totally excluded but previously we have shown that in our mutation carriers systolic mitral annular velocities are not increased which make systolic endocardial dysfunction very unlikely. 28 In addition, global systolic longitudinal strain was not impaired in this and other studies. 4, 14, 29 In animal models of HCM, it has been shown that diastolic dysfunction (impaired LV relaxation) rather than systolic dysfunction precedes the development of LVH. 30, 31 In mouse with a inserted pathogenic Arg403Gln missense mutation in the myosin heavy chain gene, diastolic function (as opposite to systolic function) was impaired evidenced by increased tau and time to peak filling probably caused by slowed actin-myosin dissociation kinetics with decreased rates of cross bridge detachment 32 associated with altered intracellular calcium handling and decreased rates of calcium re-uptake in the sarcoplasmic reticulum. 31, 33 Indeed, in most clinical patient studies abnormalities in HCM mutation carriers were confined to diastolic abnormalities. 5, [7] [8] [9] [10] The current study is the first to show that LV untwisting is delayed in HCM mutation carriers, reflecting ineffective diastolic uncoiling of the myocardium. In addition, the early diastolic unstrain rate was consistently (although not statistically significant) lower in all four studied LV walls confirming an early diastolic problem, compensated by a significantly increased late diastolic unstrain rate probably caused by increased late diastolic flow over the mitral valve-evidenced by a higher A-wave-due to a Frank-Starling mechanism in the left atrium. 34 
Study limitations
Obviously, the main limitation of this study is the relatively small sample size of the population. In previous papers, we have shown abnormalities in A-wave velocity by pulsed-wave Doppler and mitral annular velocities by tissue Doppler and STE in Gþ/LVHÀ subjects. 9, 28 The incremental value of the more complex variables presented in this article over the simpler measurements like the E/A ratio and tissue Doppler velocities are unproven. This requires a prospective study in family members of gene positive HCM patients with available genetic material to assess the negative and positive predictive values of the different parameters. Such a study seems relevant because any new proposed test should be selected in an integrated and rational way in order to provide clear answers to specific clinical questions and problems, trying to avoid redundant and duplicated information, taking into account its availability, benefits, risks, and cost. 35 Another trial that may show the incremental value of these parameters may be based on the identification of Gþ/LVHÀ subjects that later in life develop the overt HCM phenotype. At the moment, it is not well established whether, e.g. there are two different kinds of Gþ/LVHÀ subjects (completely normal morphology vs. mild morphological and/or functional abnormalities and whether the latter are really in transit to LVH. Unfortunately, this need long-term longitudinal follow-up with an imaging modality capable of reliably detecting changes in LV mass. Controls were not screened for genetic mutations but given the incidence in the Netherlands it seems highly unlikely that this would have influenced the control values. In addition, Gþ/LVHþ HCM patients were not included in this article because in these patients we already described delayed and decreased LV untwist in a prior publication. 36 
Conclusions
In mutation carriers, for HCM LV, untwist and unstrain are delayed and untwist rate and unstrain rate are decreased.
